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Abstract: 26 
 27 
Purpose: Modular bicompartmental knee arthroplasty (BKA) for treatment of medio-28 
patellofemoral osteoarthritis (OA) should allow for close to normal kinematics in 29 
comparison with unicondylar knee arthroplasty (UKA) and the native knee. There is so 30 
far no data to support this.  31 
Scope: Six fresh frozen full leg cadaver specimens were prepared and mounted in a 32 
kinematic rig with six degrees of freedom for the knee joint. Three motion patterns were 33 
applied with the native knee and after sequential implantation of medial UKA and 34 
patellofemoral joint replacement (PFJ): passive flexion-extension, open chain extension, 35 
and squatting. During the loaded motions, quadriceps and hamstrings muscle forces were 36 
applied. Infrared cameras continuously recorded the trajectories of marker frames rigidly 37 
attached to femur, tibia and patella. Prior computer tomography allowed identification of 38 
coordinate frames of the bones. Strains in the collateral ligaments were calculated from 39 
insertion site distances.  40 
Results:  41 
UKA led to a less adducted and internally rotated tibia and a more strained medial 42 
collateral ligament (MCL). Addition of a patellofemoral replacement led to a more 43 
posterior position of both femoral condyles, a more dorsally located tibiofemoral contact 44 
point and higher MCL strain with squatting.  45 
Conclusion:  46 
In comparison to UKA modular BKA leads to a more dorsal tibial contact point, a medial 47 
femoral condyle being located more posteriorly, and more MCL strain. Mainly the 48 
changes to the trochlear anatomy as introduced by PFJ may account for these differences. 49 
 50 
Keywords: 51 
Bicompartmental knee arthroplasty, modular, kinematics, ligament strain 52 
53 
3 
 
Introduction:  54 
 55 
Bicompartmental osteoarthritis affecting medial tibiofemoral and the patellofemoral joint 56 
among patients scheduled for knee replacement has been shown to affect about 28% of 57 
this cohort (1). Traditionally, these patients would undergo total knee arthroplasty (TKA) 58 
with great long-term results as shown by registry data (2, 3). But the idea to replace the 59 
two osteoarthritic compartments only is not new (4, 5).  60 
This should potentially be less invasive as the lateral compartment as well as the cruciate 61 
ligaments and bone stock are preserved. Biomechanics and function are supposed to be 62 
superior to those of TKA. With the average knee arthroplasty patient becoming younger 63 
with higher functional demands and a higher likelihood of later revision surgery, 64 
bicompartmental arthroplasty should be an attractive option. On the other hand it requires 65 
experience with both interventions: patellofemoral and medial unicondylar arthroplasty to 66 
avoid pitfalls.  67 
Clinical data on survivorship on both, modular (4-8) or non-modular (9-11) 68 
bicompartmental knee arthroplasty (BKA) is scarce and results especially with a 69 
monolithic femoral component have been disappointing. Cartier and Argenson reported 70 
on outcome of patellofemoral replacement partially in combination with medial UKA 71 
without specifying the results of this subset group (12-14). Tria concluded in a recent 72 
review that BKA remains a questionable area of knee surgery and stated that the two 73 
separate implant technique was preferable (15). Thienpont et al gave a very complete and 74 
comprehensive overview over bicompartmental knee replacement (16) and came to the 75 
same conclusion. 76 
Studies evaluating functional benefits for BKA are scarce. Chung et al found no 77 
advantages in terms of knee muscle strength and physical performance one year 78 
following bicompartmental knee arthroplasty in comparison with total knee arthroplasty 79 
(17). Morrison et al found some early postoperative functional advantages for non-80 
modular BKA over TKA that did not persist past 3 months  postoperatively with a higher 81 
complication rate (11). 82 
 83 
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There is only very limited data on biomechanics of bicompartmental knee arthroplasty. 84 
There is one study describing kinematics of non-modular BKA to be closer to the native 85 
knee in comparison with TKA (18). To the best of our knowledge there are no such 86 
reports on modular medio-patellofemoral BKA.  87 
The aim of this study is to describe kinematics and ligament tension of a medial modular 88 
bicompartmental medio-patellofemoral knee replacement in a cadaveric biomechanical 89 
model using a validated knee rig. Results should be compared with the native knee and 90 
with changes as found after implantation of a medial UKA.  91 
92 
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Material and Methods: 93 
 94 
The experiments were performed in analogy to an earlier publication (19): Three left and 95 
three right fresh frozen human legs (mean age 74.2 ± 15.2 years, 5 male, 1 female) were 96 
disarticulated at the level of the hip. All had functional ligaments and showed no major 97 
deformities of the bones. 98 
The experiments were performed according to a previously reported and validated 99 
methodology. More detailed information on the underlying science can be retrieved from 100 
this publication. For ease of understanding, the main features of the methodology are 101 
described hereafter. It was shown that our technique is sufficiently accurate and precise to 102 
detect differences in translations (and lengths) and rotations of less than 2 mm and 2 103 
degrees respectively (20). 104 
Three frames with four spherical infrared reflective markers each were rigidly attached to 105 
the tibia, the femur, and the patella. Volumetric computed tomography scans on a sixty 106 
four-row helical multidetector computed tomography (MDCT) scanner (General Electric 107 
Lightspeed VCT; General Electric, Milwaukee, WI, USA) with a slice thickness of 1.25 108 
mm were made of the frozen specimens. For surface reconstruction and identification of 109 
osseous landmarks, the Mimics 13.1 software and its medCAD module interface 110 
(Materialise, Haasrode, Leuven, Belgium) were used.  111 
At the day of testing, the thawed knees were transected 32 cm proximal and 28 cm distal 112 
to the knee joint. Skin and subcutaneous tissue were removed preserving the articular 113 
capsule, ligaments, and tendons. Femur and tibia were embedded in holding containers 114 
with polymethylmethacrylate, properly aligned in frontal and sagittal planes. The medial 115 
and lateral hamstrings tendons were prepared for attachment to constant load springs (50 116 
N each). The quadriceps tendon was prepared to be clamped to a motor. Springs and 117 
motor were fixed to the knee rig in such a way to replicate the moment arms of the 118 
muscles. The knees were mounted in a kinematic rig serving as a dynamic knee simulator 119 
system (Figure 1).  120 
The system allows for recording motions and forces in a knee joint during squatting and 121 
open chain motions. The virtual hip joint can move up and down, thus flexing and 122 
extending the knee joint. A virtual ankle joint has all rotational degrees of freedom and 123 
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can slide medio-laterally. The flexion angle of the knee is the only degree of freedom 124 
directly controlled by moving the hip vertically with constant speed. All other degrees of 125 
freedom of the knee are left free and allow motion according to individual anatomic 126 
features or different testing conditions such as the presence of implants.  127 
The specimens were subjected to three motion patterns: passive flexion-extension cycles, 128 
an open chain extension with 3 kg of load hung to the distal tibia, and a squat between 129 
30° and 120° of flexion with a constant vertical ankle force of 136 N as an equivalent to 130 
the ground reaction force.  131 
Six MX40+ infrared cameras continuously recorded the trajectories of the markers 132 
attached to the tibia, femur, and patella during all activities. The measured marker 133 
trajectories were processed in Nexus (Vicon Motion Systems, Oxford, UK) using a 134 
specifically designed data processing pipeline to reconstruct and label the trajectories and 135 
fill any gaps in the data. Trajectories were filtered using a Woltring filtering routine and 136 
the data were exported as C3D files for further processing in Matlab (R2010b, The 137 
MathWorks, Natick, MA, USA). 138 
Based on the CT, 3D models of tibia and femur were made and bony landmarks 139 
identified to determine coordinate frames for the bones. The marker trajectories were 140 
transformed to anatomical meaningful rotations and translations as proposed by Grood 141 
and Suntay (21). Tibial axial rotation, tibia position in the coronal plane (varus-valgus), 142 
and translations of the femoral condyle centers in anteroposterior (AP) and mediolateral 143 
(ML) direction, were obtained as a function of flexion angle. 144 
The 3D model of the distal femur as generated from the CT images was also used to 145 
visually fit spheres into the femoral condyles as described by Victor et al. (22). The 146 
centres of these spheres were used to define the medial and lateral femoral condylar 147 
centres (FMCC and FLCC) and also served as a basis to calculate knee flexion. 148 
 149 
Strains in the collateral ligaments were obtained from changes in distance between tibial 150 
and femoral attachment sites, as indicated with a marker wand during the experiments. 151 
They were calculated using the engineering strain formula  (in %) = 100.[(d – d0 )/d0] 152 
where d represents the instantaneous distance between the tibial and femoral attachment 153 
sites of the ligament and d0 the reference distance for the same ligament, which was the 154 
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distance in the native knee, unloaded and at full extension. Quadriceps forces needed for 155 
extension of the knee were measured with a uniaxial force transducer (THB series, 156 
Transducer Techniques, Temecula, CA, USA). 157 
 158 
After testing the native knee, a medial UKA was performed and the same tests were 159 
redone. Each specimen received an Accuris UKA system (Smith & Nephew, Memphis, 160 
TN, USA). The knees were operated on by an orthopaedic surgeon with experience with 161 
UKA and specifically this implant using a minimally-invasive medial parapatellar 162 
approach using a modular metal-backed tibia with a conventional polyethylene (PE) inlay 163 
and an Oxinium femoral component. Bone cuts were made aiming for a perfectly 164 
balanced joint using a polyethylene (PE) inlay of appropriate thickness (19). Knees were 165 
balanced to be stable at full extension and to show slight laxity of about 2 mm when 166 
exposed to manual valgus force throughout the rest of range of motion as assessed by the 167 
operating surgeon. Once all measurements were done, the knee was opened again and a 168 
patellofemoral replacement with an Oxinium femoral component (Journey PFJ, Smith & 169 
Nephew, Memphis, TN, USA) was performed following the manufacturers’ instructions 170 
(Figure 2). Care was taken that the anterior femoral cut was flush with anterior cortex 171 
without notching. The patella button was implanted in an inlay technique, restoring the 172 
original patella thickness as measured by caliper.  173 
For each motion test, patterns of tibial axial rotation and varus-valgus tilting were 174 
compared between the three test conditions. The translations of the femoral condyles 175 
centers, projected on the tibial plateau and scaled to the maximum AP width of the native 176 
tibial plateau, were also compared. After alignment based on the specimen’s tibial 177 
anatomical axes, these projected translations were then overlaid on the axial view 178 
reconstructed from the tibial plateau of a typical specimen, with and without implants. To 179 
allow direct comparison, all motion patterns were resampled at intervals of one degree of 180 
flexion and within the covered range of knee flexion for all knee specimens.  181 
Average values and standard deviations for the above kinematic parameters were 182 
calculated for each test. The kinematic studies as presented here deliver continuous 183 
curves of data measured over a defined range of flexion or extension of the knee as given 184 
in figures 4 and 5. The statistical analysis of mean curves of different testing states is a 185 
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challenge. Analysis was done with an approach as described by Duhamel et al. (23). For 186 
the mean of a flexion curve confidence intervals at each point are given. The so-called 187 
confidence band of a population (CBP) means, that the flexion curve of a subject 188 
randomly drawn from the population is included into the confidence band with a 189 
probability of 0.95. Differences between measurements were computed using the 190 
bootstrap method for two analyses of paired comparisons (23, 24). 191 
192 
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Results: 193 
 194 
The overall, qualitative impression of knee kinematics shows close to physiologic 195 
femoral rollback patterns of the native knee joint were largely reproduced after UKA in 196 
combination with PFJ (as summarized in Table 1). There were, however, some statistical 197 
differences.  198 
 199 
Tibiofemoral contact point 200 
As illustrated in the tibial top views the tibiofemoral contact point remained largely 201 
unchanged after implantation of UKA. Addition of PFJ shifted the contact point in both 202 
compartments significantly to a more posterior position (Figure 3).  203 
 204 
Tibiofemoral kinematics 205 
Tibiofemoral translations 206 
Both, femoral medial and lateral condyle center (FMCC and FLCC) were translated 207 
dorsally with bicompartmental knee replacement, which reached statistical significance 208 
for the passive flexion cycle. This corresponds well with the findings on the tibiofemoral 209 
contact points (Figure 4).  210 
The center of the medial femoral condyle was significantly higher after implantation of a 211 
UKA in the infero-superior plane reaching statistical significance in the midflexion range 212 
between about 30 and 80°. After implantation of PFJ this was still the case. There were 213 
no differences in terms of mediolateral translation (data not shown).  214 
 215 
Tibial adduction 216 
During the tests the tibia was in significantly less adduction, i.e. more valgus after 217 
implantation of UKA in the midflexion area in comparison with the native knee. This 218 
remained unchanged after addition of PFJ. Interestingly, there were no differences 219 
between the three measured states at full extension and 90° of flexion (Tables 1 and 2, 220 
Figure 5), where the balancing of the UKA is usually checked. 221 
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The hip-knee-ankle angle in full extension was 2.7° (range: -0.6° – 5.2°) of varus for 222 
native knee, 2.4° (range: -2.4° – 6.4°) of varus after UKA, and 2.4° (range: -1.5° – 6.6°) 223 
of varus after BKA during passive motion (Figure 5).  224 
 225 
Tibial rotation 226 
With passive motion there were no changes after UKA or bicompartmental arthroplasty 227 
in comparison with the native knee. With squatting some differences became apparent as 228 
there was less internal rotation with both, UKA and BKA in comparison with the native 229 
knee. 230 
 231 
Strains in collateral ligaments 232 
Implantation of UKA led to higher strains in the medial collateral ligament (MCL) under 233 
all testing conditions which remained unchanged with BKA in passive motion and open 234 
chain extension. MCL strains were especially higher during squatting which became 235 
more pronounced with BKA especially in deep flexion (Figures 6 and 7). During 236 
squatting the strain to the lateral collateral ligament (LCL) of the native knee remained 237 
unchanged after sequential implantation of UKA and PFJ. With passive motion, in deep 238 
flexion there was more LCL strain after UKA and BKA. 239 
 240 
Quadriceps force 241 
With UKA, quadriceps forces required were lower in comparison with the native knee 242 
reaching statistical significance between about 40 and 80° (Figure 8). With BKA quad 243 
forces were still slightly lower than in the native knee but differences were no longer 244 
significant.  245 
 246 
247 
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Discussion: 248 
 249 
The results on biomechanics following UKA in comparison with the native knee were 250 
presented and discussed before (19). It was now examined how an additional 251 
implantation of PFJ further changes biomechanics of the knee. Some of the assessed 252 
parameters slightly changed in comparison to UKA implantation while others were not 253 
affected by sequential replacement of the patellofemoral joint.  254 
 255 
Focusing on the differences between UKA and modular medial BKA there were some 256 
interesting findings. Since great care was taken to recreate the thickness of the patella, it 257 
is assumed that changes most likely have to be attributed to implantation of the trochlear 258 
implant.  259 
Most interestingly the tibiofemoral contact point was shifted dorsally in correspondence 260 
with the femur being located more posterior in relation to the tibia. This phenomenon 261 
may be due to relative overstuffing of the patella-femoral joint by implantation of the 262 
artificial trochlea. This effect occurred although the participating surgeons emphasized to 263 
cut the anterior femur flat to the anterior cortex avoiding notching. It can be attributed to 264 
the geometry of the implant, or to the fact that compressible cartilage (25) is replaced by 265 
much less compressive metal and polyethylene implants. The higher MCL strain with 266 
BKA with squatting may also be due to relative patellofemoral overstuffing as illustrated 267 
in Figure 7.  268 
Shifting the tibiofemoral contact point dorsally could also explain the quadriceps forces 269 
that tended to be slightly lower with BKA in comparison to UKA (Figure 8). BKA may 270 
increase the extension moment arm. Consequentially, lower quadriceps forces would 271 
have to be developed to extend the knee (26). 272 
The results reported here with BKA are in accordance with recent findings made on 273 
isolated patellofemoral arthroplasty, with the same set-up and methodology but a 274 
different set of specimens (27). Especially during squats a more posterior translation of 275 
both femoral condyles was observed. The effect was accentuated in case of patella 276 
overstuffing, whereas kinematics was closer to normal with patellar thinning. The authors 277 
recommended to aim for a slight over-resection to prevent overstuffing. 278 
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 279 
It was of little surprise that tibial valgus and rotation was not affected by BKA in 280 
comparison with UKA as these parameters largely depend on the tibiofemoral joint 281 
geometry, which remains unchanged by additional implantation of PFJ.  282 
Of note is that the varus-valgus alignment remained unchanged with UKA and BKA at 283 
full extension and 90° of flexion where the balance of the UKA knee is usually checked. 284 
In the midflexion range there was slightly more valgus following both, UKA and BKA, 285 
which could either be due to surgical technique, implant design or both. It should also be 286 
considered that cartilage deforms under load and is compressed (25), while UKA 287 
components will not, which also adds to more valgus in the loaded condition.  288 
 289 
There is only one article reporting on kinematics of BKA using a monolithic femoral 290 
component (18). Similar to our results it was shown that non-modular BKA lead to less 291 
tibial internal rotation, which may mainly be due to loss of the conforming medial 292 
anatomy of meniscus and concavity of the tibial plateau which are replaced by a rather 293 
flat PE inlay (19). They also found more anterior tibial translation with BKA in 294 
comparison with the native knee. Measurements on ligament strain and quadriceps forces 295 
were not reported (18).  296 
 297 
There are several well-known limitations to cadaver studies as described before (19). 298 
Access to cadaver specimens and financial resources are limited must be used wisely. 299 
Possibly more of the differences that we found would have reached statistical 300 
significance with more specimens. The testing conditions also can only include a limited 301 
range of activities such as a squat, but no complex motions such as gait or the application 302 
of different moments in the coronal plane. Muscle forces were simulated in the described 303 
setup, but can only be an approximation to in vivo function. Tibiofemoral loads were 304 
only recorded for the preserved lateral compartment. So we could not calculate the 305 
relative load share between medial and lateral compartments in native knees and 306 
following arthroplasty, nor could we measure patellofemoral contact forces. Some of the 307 
described changes may also largely depend on the surgical technique of patellofemoral 308 
replacement. During implantation for this study care was taken not to overstuff the 309 
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patellofemoral joint via low resection of the anterior trochlea without notching and 310 
restoring the patella height. Relative overstuffing of the patellofemoral joint may lead to 311 
different findings. There may also be differences between products of different 312 
manufacturers.  313 
 314 
Strengths of this study lie in the use of a highly validated setup that accounts for 315 
numerous previous publications. It is also the first study reporting on biomechanics 316 
following modular BKA covering not only kinematics but also data on quadriceps force, 317 
ligament strain and tibiofemoral contact mechanics.  318 
Of note, most of the differences found were in the range of a couple of degrees or 319 
millimeters and may go unnoticed by surgeon and patient. Still, the reported data teaches 320 
us a good lesson on biomechanical changes introduced into the knee by modular 321 
bicompartmental knee arthroplasty.  322 
Most of the changes may be attributed to the trochlear component of PFJ and 323 
speculations, if changes of the implant design allowed for kinematics closer to normal are 324 
inevitable. The rationale on trochlear component design is, however, complex and needs 325 
to consider not only kinematics but among other features the level of constraint to prevent 326 
patellar dislocation.  327 
328 
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Conclusion:  329 
 330 
In comparison to UKA modular BKA leads to a more dorsal tibial contact point, a medial 331 
femoral condyle being located more posteriorly, and more MCL strain. Mainly the 332 
changes to the trochlear anatomy as introduced by PFJ may account for these differences.  333 
334 
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Captions to Figures:  418 
 419 
Table 1: Significantly different flexion regions 420 
 421 
 422 
Table 2: Tibia adduction 423 
 424 
 425 
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426 
Figure 1: 427 
Left knee mounted in knee rig in full extension.  428 
 429 
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430 
Figure 2: 431 
Modular medio-patellofemoral BKA in situ.  432 
 433 
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434 
Figure 3: 435 
The tibial top views show that the tibiofemoral contact point remains largely unchanged 436 
with installation of UKA in comparison to the native throughout range of motion. BKA 437 
shifts this contact point dorsally under all testing conditions.  438 
 439 
440 
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441 
Figure 4: 442 
In passive flexion both, the femoral medial and lateral condyle center (FMCC and FLCC) 443 
were significantly shifted to a more dorsal position in relation to the tibia. Implantation of 444 
UKA alone did not lead to changes in this dimension (see also table 1).   445 
 446 
447 
Figure 5: 448 
Tibial adduction under passive motion 449 
 450 
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451 
Figure 6: 452 
UKA lead to higher strain to the medial collateral ligament (MCL) in extension and 453 
midflexion. BKA added higher strains also in deep flexion.  454 
 455 
456 
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Figure 7:  457 
The radius of the medial femoral condyle over the surface of the tibia is illustrated. The 458 
upper black dot marks the medial femoral condyle centre (FMCC), which is also the 459 
femoral origin of the medial collateral ligament (MCL, straight vertical black line) The 460 
lower black dot marks the tibial attachment of the MCL.  461 
Squatting the native knee from 0° to 90° moves the FMCC posteriorly as well as a little 462 
downwards as the articular cartilage is compressed (25). The combination of both 463 
movements allows the MCL to remain isometric.  464 
Squatting the knee after UKA also moves the FMCC posteriorly (19) - even slightly more 465 
than in the native knee. But the FMCC does not go downwards as much due to implant 466 
stiffness, which stretches the MCL and keeps it from remaining isometric.  467 
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Squatting following modular BKA will lead to the same finding, but the posterior 468 
translation of FMCC is even more pronounced than with a UKA, which will add to more 469 
stretching of the MCL. 470 
 471 
472 
Figure 8: 473 
Quadriceps forces 474 
